Abstract-Two compact differential bandpass filters (BPFs) based on coupled-line resonators and loaded capacitors are proposed in this work. By properly designing the coupled resonator and the loaded capacitance of original filter model, differential-mode (DM) passband responses and commonmode (CM) rejection can be obtained. For validation, two differential BPFs named Filter I and Filter II are discussed and experimentally characterized. One more DM transmission zero generated by outof-phase cross-coupling is employed to control the DM bandwidth and sharpen the selectivity in Filter I while lumped capacitors are loaded in Filter II to replace capacitive coupled resonators for miniaturized size. Both filters are centered at 4.5 GHz with about 9% DM fractional bandwidth (FBW), less than 1.5 dB insertion loss, more than 15 dB return loss, and wideband CM suppression with more than 18 dB rejection. Furthermore, the size of Filter II is substantially smaller than Filter I and previously reported differential BPFs.
INTRODUCTION
Differential bandpass filters (BPFs) with the advantages of higher immunity to the environmental noises, better dynamic range, and lower electromagnetic interference (EMI) [1, 2] are attractive compared with traditional single-ended BPFs. Differential BPFs using 180 • phase shift structure were presented in [3] and [4] while microstrip-line resonators were employed in [5] [6] [7] with common-mode (CM) suppression. In [8] , differential BPF using two broadband planar March and baluns was proposed, and compact wideband differential BPF based on half-wavelength ring resonator was presented in [9] . Ref. [10] focused on theory and application of complementary split-ring resonators (CSRRs) while combining open split ring resonators (OSRRs) and open complementary split ring resonators (OCSRRs) were implemented in [11] for differential BPFs design. In [12] , double-sided parallel-strip line and transversal signal-interaction concepts were introduced to achieve differential-mode (DM) filtering and CM rejection. Simple T-shaped resonator was demonstrated in [13] for good differential performances. However, few studies have described the DM selectivity improving as well as size miniaturization.
To realize improved DM selectivity and miniaturized size, compact differential BPFs based on coupled-line resonators and loaded capacitors are proposed in this work. The DM and CM equivalent half circuits of original model are presented and discussed. Two BPFs named Filter I and Filter II are demonstrated on RO4003 with ε r = 3.38 and h = 0.508 mm for validation. Ansoft HFSS is employed for simulation meanwhile the measurement is done by the Anritsu MS4624D vector network analyzer. Their experimental characterizations are in good agreement with theoretical analysis with less than 1.5 dB insertion loss, more than 15 dB return loss, and wideband CM suppression with more than 18 dB rejection. Sharpened skirts and easily controlled bandwidth are exhibited both in Filter I and Filter II. In addition, more than 70% size is miniaturized by loading lumped capacitors in Filter II comparing with Filter I and some previously reported differential BPFs. Figure 1(a) shows the equivalent circuit of the original model based on coupled-line resonator. When the DM signals are excited from ports 1 and 1 , a virtual electric wall appears along the symmetric line S-S and half of part B will be short-ended parallel coupled lines which can be calculated as symmetrical inductive π-network, as shown in Figure 1(b) . Similarly, a virtual magnetic wall will appear and half of part B becomes to be a pair of open-ended coupled lines which can be analyzed as capacitive T-network when CM operation is considered in Figure 1(c) . The equivalent LC circuit models of DM and CM are presented in Figure 1 (d) and Figure 1(e) , respectively. And the values of equivalent inductance and capacitance can be calculated as [17] 
ANALYSIS OF ORIGINAL MODEL
( 1 )
Thus, bandpass responses for DM and wideband rejection for CM can be obtained, as demonstrated in Figure 2 [14, 15] . Although good CM attenuation with more than 20 dB suppression and better than 20 dB DM matching can be found, the DM filtering responses, especially for the controllable bandwidth and selectivity are not good enough for modern wireless systems. 
FILTER I WITH IMPROVED DM SELECTIVITY AND CONTROLLABLE BANDWIDTH
To sharpen filter skirt, out-of-phase cross-coupling technique can be employed in Filter I to create one more controllable transmission zero, as plotted in Figure 3 . Figure 4 (a) and M ij denotes coupling between them, the solid lines indicate the main path couplings and the dash line denotes the cross coupling. It is essential that the cross coupling M 12 is electric coupling and the coupling M 34 is magnetic coupling, thus the sign of M 12 is opposite to that of M 34 and signals in these coupling paths are out of phase. Therefore, the electric and magnetic couplings cancel out each other at some frequency f z and thus the selectivity of passband can be controlled by adjusting the coupling coefficient M 12 .
(a) (b) Figure 5 . It is noted in Figure 5 that C c is about 0.18 pF and f z located at 5.2 GHz when s 1 = 0.1 mm and l 3 = 5.6 mm. Obviously, the fractional bandwidth (FBW) and the upper skirt of DM responses will be affected as the zero f z moves with different coupled capacitance C C . In Figure 6 (a), the transmission zero decreases from 9.2 GHz to 6.5 GHz for larger C C . Figure 6 (b) plots upper selectivity and FBW versus different C C , in which the upper selectivity is improved from 11 dB/GHz to 56 dB/GHz while the FBW decreases from 24% to 7% for larger C C .
For validation, compact differential BPF, i.e., Filter I based on coupled-line resonator is fabricated with l 1 = 9. 
FILTER II WITH MINIATURIZED SIZE
Although less than 0.8 dB DM insertion loss, more than 20 dB DM return loss, improved DM selectivity, controllable bandwidth, and more than 20 dB CM wideband rejection are obtained and depicted in Figure 7 , the electric size of Filter I is larger than the original model due to the loaded open-circuited coupled-line resonator.
To miniaturize the size, another differential BPF named Filter II is proposed and discussed. As demonstrated in Figure 8 , lumped capacitors, i.e., C and C C are employed in Filter II to take place of interdigital coupling lines and open-circuited coupled-line resonators, respectively. All the capacitors employed in this work are DLI C17AH series high-Q capacitors [16] . The values of equivalent capacitances C and C C can be calculated as [17] [18] [19] 
where C 1 and C 2 can be obtained by Equations (3) in (c). For DM, the measured insertion loss is less than 1.5 dB while the return loss is over 15 dB from 4.28-4.72 GHz with a 3-dB FBW of 9.7%. For CM, over 18 dB rejection is obtained within 0-8 GHz, indicating very good wideband CM suppression. The total size of the proposed Filter II is only 13.8 × 5.9 mm 2 (0.05λ 2 ). Compared with the Filter I and some previously reported differential BPFs, more than 70% size is reduced. The filter design procedure is summarized as a flow chart in Figure 10 .
The measured results of differential BPFs Filter I and Filter II are also compared with some reported differential filters as summarized in Table 1 . It is apparent that advantages of differential BPFs presented in this work are demonstrated in DM insertion loss, return loss, and CM suppression. In addition, Filter II based on capacitors loaded shows more than 70% size reduction and not only good DM filtering but also CM suppression compared with Filter I and some previously reported differential BPFs.
CONCLUSION
Compact differential BPFs named Filter I and Filter II based on coupled-line resonators are presented and analyzed in this work. One more transmission zero is generated by loading open-circuited coupled lines in Filter I to sharpen the selectivity and realize bandwidth control. For miniaturized size, lumped capacitors are employed in Filter II and more than 70% size is reduced. Very good DM insertion loss, return loss, selectivity, wideband CM suppression, and compact size are exhibited in both Filter I and Filter II. The simulated and measured results are in good agreement indicating that filters discussed in this work are attractive in modern communication systems.
